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By Earl C. Watson 


SUMMARY 


An experimental investigation was conducted to determine the effects 
of "bound ary -layer removal on the characteristics of four internal- 
compression inlets. Each of the inlets had approximately the same shape 
and differed primarily in the extent of the regions of perforations which 
were employed in the internal surfaces to permit the removal of boundary- 
layer air. Each inlet was axially symmetric and had a translatable cen- 
terbody which permitted the contraction ratio to be varied to as low as 
0.251 for two of the inlets investigated. In addition, the internal sur- 
faces were shaped to provide a nearly constant area throat region for all 
centerbody positions. The length from the Inlet entrance to the compres- 
sor station was 4.8 inlet entrance diameters. 

Data were obtained at 0 ° angle of attack for Mach numbers from 2.1 
to 3-0 and for corresponding Reynolds numbers (based on Inlet -entrance 
diameter) from 3.6 to 5*1 million. Results showed that boundary -layer 
removal through a perforated area in the annulus and centerbody having 
a total open area equal to 0.105 of the inlet entrance area and located 
downstream of the minimum flow area increased the total -pres sure recovery 
between 3 and 5 percent in the Mach number range from 2-5 to 2-9> the 
limit for this comparison. The amount of boundary-layer air removed was 
estimated to be between 7 and 9 percent of the inlet mass flow. By 
extending the perforated area ahead of and behind the throat region the 
total -pres sure recovery was further Increased. However, the amount of 
flow removed to obtain this improvement could not be determined accurately. 
For this latter configuration, the total-pressure recovery was 0.37 and 
0.75 at Mach numbers of 2.5 and 3 * 0 , respectively. 


*Title, Unclassified 
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INTRODUCTION 


Since it was first pointed out in reference 1 that a main advantage 
of an internal-compression inlet with a translatable centerbody over many 
types of external-compression inlets was the elimination of external wave 
drag at high Mach numbers , continuous efforts have been made to improve 
the pressure -recovery characteristics of internal-compression inlets. 
Results from one investigation, reference 2 , showed that the pressure 
recovery could be improved considerably if the annulus and centerbody 
surfaces were perforated to permit the removal of boundary-layer air. 
Although the inlets of reference 2 were investigated over a range of Mach 
numbers from O.85 to 3 * 50 , satisfactory operation could be obtained only 
for Mach numbers up to 2.5 because the minimum available contraction 
ratio was restricted. To determine the effects of boundary-layer removal 
on the performance of inlets designed for operation at Mach numbers up 
to 3.0, the present investigation was undertaken. 

The inlets of the present investigation had internal shapes which 
differed from and provided lower contraction ratios than the inlets of 
reference 2 , and were designed for operation at Mach numbers up to 3 . 0 . 

To investigate the effects of boundary-layer removal at the higher Mach 
numbers, between 2.5 and 3*0> several perforation arrangements were 
employed. Four inlets were tested, one without and three with perfora- 
tions in the annulus and centerbody. Tests were conducted with the models 
at 0 ° angle of attack over a range of Mach numbers from 2.1 to 3.0 and 
a corresponding range of Reynolds number (based on inlet -entrance diameter) 
from 3*6 to 5*1 million in an 8- by 8-inch blowdown wind tunnel. 


Aa 


A b 


Ac 

A i 

H 


NOTATION 

internal area of the annulus 
Ai 

cross-sectional area of the centerbody 
A i 

flow area at the compressor station 

_ 

inlet entrance area, area of the annulus at the leading edge 
local flow area 
Ai 
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Amin 

As 

Da 

Db 

Di 


Hx> 


contraction ratio for constant centerbody position, 
minimum internal-flow area 
A-i 

cross-s ectional area of the sting supporting the centerbody 

A-i 

internal diameter of the annulus 
diameter of the centerbody 
inlet entrance diameter 

distance of the centerbody apex ahead of 

the annulus leading edge 

— — 

free -stream Mach number 


mb 

®00 


PI, P2, P3 
Pb 




ratio of the mass of air removed through the centerbody 
passage to the free -stream mass of air through an area 
equal to A± 

inlet configurations (see figs. 3 and 5) 


ratio of the static pressure in the centerbody passage to 
the free-stream total pressure 


Pf 


Pt, 


't> 

ratio of 

total 

* 00 

stream 

total 


ratio of 

total 

'00 

stream 

total 

2 

ratio of 

local 


P t 0 

r 

X 


free-stream total pressure 
radius 

distance downstream from the inlet entrance 

D i 


x 


distance downstream from the inlet entrance 
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APPARATUS AND MODELS 
Apparatus 


Details of the 8- by 8-inch blowdown wind tunnel and the model- 
supporting and instrumentation systems are described in references 1 
and 2. The same equipment and test procedure were used in the present 
investigation. In addition to measurements of pressures in the main 
inlet at the compressor station, measurements were also made in the 
centerbody flow removal passage (see fig. l). 


Models 


Four models of internal -compress ion inlets having translatable cen- 
terbodies were tested in the present investigation (see fig. 1 for a 
typical assembled model). For each model the shape of the annulus and 
all parts aft of the compressor station were identical. Two models, 
designated as the unperforated model and model PI, used a long centerbody 
and two models, designated as models P2 and P3, used a short centerbody 
with a shape identical to the forward 95-percent portion of the long 
centerbody. The arrangement of the perforations in the annulus and cen- 
terbody which were used for boundary-layer removal differed in each model. 

Centerbody and annulus shape .- Coordinates for the shapes of the 
centerbodies and the inner surface of the annulus are given in figure 2. 
These shapes differed from those of references 1 and 2 not only because 
of differences in the operating range, but also because of a difference 
in design philosophy. The inlets of references 1 and 2 were designed so 
that the centerbody and annulus were either conical surfaces or would 
produce a prescribed pressure distribution when the centerbody was fully 
retracted. With such designs, prescribing the distribution of flow area 
at off -design positions of the centerbody was not possible. In contrast, 
the shapes of the centerbodies and annulus of the present inlets were 
designed so that for all positions of the centerbody except those near 
the fully extended position, the effective flow area in the throat region 
would be constant 1 for some distance in order to stabilize the flow in 
the vicinity of the terminal shock. It was believed that by this design 
philosophy the pressure recovery for the off -design positions of the 
centerbody would be improved. To obtain a region of constant flow area 
for all centerbody positions, the cross-sectional area of the centerbody 
(Ab) aft of the maximum section and the internal area of the annulus (A a ) 
forward of the minimum section were made to decrease linearly with 
length (x). Thus the geometric flow area in the throat region, which is 

account for bound ary -layer growth in the throat, the geometric 
flow area must increase slightly with distance downstream. 
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the region hounded by the centerbody aft of its maximum section and e 
annulus ahead of its minimum section, can be constant (or vary linear y 
with length to account for boundary -layer growth, depending upon the 
values ass igned to AA b /£X aud M a /dX) since it Is the difference between 
two areas which varies linearly with length. 

The nearly constant flow area in the throat region for nearly all 
centerbody positions is shown in figure 3 which presents the l^gitudina 
distribution of area for the four inlets. The value °f 0.03 f ° r ^ 
was selected on the basis of a study of the value of this parameter f 
the inlets of reference 1. One characteristic apparent m ngure 3 i- 
that the length of the nearly constant area region decreases with center- 
ed" retraction. Another characteristic resulting from the linear vari- 
ation of annulus area ahead of the minimum section is that the contrac- 
tion ratio and minimum-flow area vary linearly with centerbody position 

as shown in figure 

In regard to the portion of the centerbody ahead of the maximum area 
section, the shape was made conical since reference 2 indicated that the 
pressure recoverfwas essentially unaffected by differences between such 
a shape and one which was curved. Regarding the annulus, the ang e o 
the inner surface at the lip was 0° to eliminate strong shock waves from 
the lip. Aft of the minimum area section, the internal area of t e 
ZJZ varied linearly with distance. At the juncture of these various 
regions with the aforementioned regions having a constant grad 
area! the centerbody and annulus shales were faired to eliminate drscon- 
tinuities in the gradient of flow area. 

Perforations.- The arrangement of the perforations in the annulus^ 
and c enterbody ' di f fered in each model. One model was unperforated. The 
remaining three models were perforated in the manner shown in e ^ 

These models are designated as PI, P2, and P3, corresponding ° 

nation of their perforation arrangements. The perforated .urface. fo 
inlet PI were located so that when the centerbody was retracted to the 
position for operation at a Mach number of 3, as determined from results 
of the unperforated inlet, the perforations would extend downstream from 
the location of minimum flow area (see fig. 3(a)). The area of e 
perforations was sized to permit removal of an estimated 7 percen 
inlet mass flow at a Mach number of 3; f° r this condition the o a . 
of the holes amounted to 0.105 of the inlet entrance area. For inlet. 

P2 and P3, the perforated area in the annulus extended o ar er up 

stream and downstream, and that in the centerbody extended ^rther up- 
stream than in the case of inlet PI, so that the supersonic flow portion 
of the inlet was also perf orated for a wide range of centerbody Potions 
(see fig. 3(b)). In the case of inlets P2 and P3 the total area of the 
holes amounted to 0.503 and 0. 3 20, respectively, of the inlet entrance 

area. 
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Summary of design criteria .- The aerodynamic and geometric design 
criteria used for the inlets of the present investigation are summarized 
in the table below. The lengths and areas given in the table have been 
normalized with respect to the diameter and area of the annulus at the 
lip. For the tabulation of the perforation arrangements, see figure 5 . 
By consideration of these design criteria and the preceding discussion 
it is apparent that although the present inlets are similar in type to 
those of reference 2 , they differ considerably in internal proportions 
and surface shapes. 


Quantity 

Inlet 

Unperforated 
and PI 

P 2 and P 3 

Centerbody used 

Long 

Short 

Contraction ratio: 

Centerbody fully extended 1 

0.94 

0.94 

Centerbody fully retracted 

0.314 

0.251 

Centerbody position, L = 0 

— 

0.258 

Length from annulus lip: 
To compressor station 

4.8 

4.8 

To throat, centerbody 
fully retracted 

2.13 

2.54 

Compressor area, Aq 

0.685 

0.685 

Sting area, Ag 

0.072 

0.072 

AA a /£X forward of Aa min 

-0.15 

-0.15 

AAh/AX aft of Ak 
u/ D max 

-0.18 

-0.18 

AA 2 /AX in throat 

0.03 

0.03 


1 The contraction ratio for fully extended centerbody 
(i.e., L = 2 . 0 ) is the minimum theoretical value that 
permits start of supersonic flow at M = 1 . 4 . 
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RESULTS AMD DISCUSSION 
Pressure Recovery 


The average total-pressure recovery presented herein was obtained 
in the same manner as that discussed in references 1 and 2. In this pro- 
cedure, the Mach number and centerbody position are held fixed and with 
supersonic flow in the inlet the exit area is progressively reduced until 
the terminal shock is expelled. The highest value of pressure recovery 
obtained prior to expulsion of the terminal shock Is the total-pressure 
recovery recorded for the test conditions • Such data are shown in fig- 
ure 6 presenting the effect of contraction ratio , A^n, on the average 
total-pressure recovery for several values of Mach number. In general, 
results have been obtained over a sufficient range of contraction ratios 
to define the optimum values of contraction ratio and total-pressure 
recovery for each Mach number. In the ranges investigated, the results 
indicate a sizable effect of contraction ratio on total-pressure recovery. 
In particular, the results for the unperforated Inlet at a Mach number of 
3„0 show extremely abrupt variations in pressure recovery within a small 
range of contraction ratios. These abrupt changes are considerably more 
severe than the remainder of the data shown In figure 6, so that one is 
led to suspect the peak value of these data for a Mach number of 3*0. 

The variations of maximum values of total-pressure recovery and 
contraction ratio with Mach number, as obtained from figure 6, are pre- 
sented in figure 7 f or the four inlets of the present investigation 
together with results from reference 2 for an unperforated and perforated 
inlet „ The results show that the pressure recovery of the unperforated 
Inlet of the present investigation was considerably higher than that for 
the unperforated inlet of reference 2, justifying therefore the change 
in design procedure which incorporated a constant-area throat section for 
all centerbody positions as well as other geometric modifications noted 
previously. However, both sets of results indicate a rapid decrease in 
pressure recovery with increasing Mach number above 2.5* For the inlets 
of reference 2, this rapid decrease was attributed to the limit of con- 
traction ratio as evidenced by figure 7* This reason Is not valid for 
the inlets of the present investigation, however, since figure 7 shows 
a continual decrease in contraction ratio with Mach number. The reasons 
for the more rapid reduction of pressure recovery with Mach number above 
2°5 are not known. 

The effects of boundary-layer removal through perforations in the 
annulus and centerbody are also shown in figure 7- If the result for 
the unperforated inlet at a Mach number of 3-0 is discounted since, as 
previously mentioned, it seems to be high, several trends are apparent 
In the results. For one, the increment in pressure recovery attributable 
to the effects of boundary -layer removal was large throughout the Mach 
number range wherein data were obtained and increased with Mach number. 
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As an example, a comparison of results for inlet PI with those for the 
unperforated inlet show that the increment increased from 3 to 5 percent 
with increasing Mach number from 2.5 to 2.9_> and for inlet P2 the incre- 
mental increase was from 4.5 to 7*5 percent. Another trend indicates 
that a perforated area in the throat region was relatively more effective 
in improving the pressure recovery than a perforated area which, in addi- 
tion to being in the throat region, also extended into the supersonic 
portion of the inlet. For example, the increment in pressure recovery 
between inlet PI and the unperforated inlet was as much as 72 percent of 
the increment between inlet P2 and the unperforated inlet. Inlet PI is 
perforated only in the throat (see fig. 3(a))> whereas inlet P2 is per- 
forated ahead of as well as in the throat (see fig. 3(b)). A further 
result indicated by the single comparison between inlets P2 and P3 at a 
Mach number of 3*0 was that perforations in the forward portion of the 
annulus (0.35 < X < l.l4) were completely ineffective. 

Figure 7 indicates that A^n for inlet PI was the same as that for 
the unperforated inlet whereas Amin for inlets P2 and P3 were consid- 
erably less. This characteristic would be expected in view of the fact 
that the perforations in inlet PI are downstream of the minimum section 
so that the quantity of flow from the entrance to the minimum section, 
which determines the allowable contraction ratio, is the same for the 
unperforated inlet and inlet PI. Thus the improvement in pressure recov- 
ery of inlet PI above that for the unperforated inlet occurred as a result 
of an improvement of the flow in the throat and subsonic portion of the 
diffuser by the use of the perforations. On the other hand, the perfora- 
tions in inlets P2 and P3 are ahead of the minimum section. Flow removed 
through perforations in the supersonic portion of the inlet thus reduces 
the amount of flow through the minimum section and thereby permits a 
reduction in contraction ratio. In addition it should be realized that 
a change in pressure recovery in the supersonic region also affects the 
contraction ratio. 

It is noted that the contraction ratios for inlets P2 and P3 were 
the same, but with neither inlet could the centerbody be retracted to 
attain the lowest available contraction ratio. (See table in "Summary 
of design criteria.") This characteristic would indicate that little, 
or no flow was removed through the perforations in the forward portion 
of the annulus ( 0.35 < X < l.l4), a result which would explain the inef- 
fectiveness of these perforations which was mentioned earlier. 

The variation of contraction ratio with Mach number for all inlets 
was parallel to that for isentropic flow at Mach numbers above 2.5. 

Inlet PI, the only one tested at lower Mach numbers, did not follow this 
trend at these lower Mach numbers because the centerbody was sufficiently 
extended to cause supersonic spillage about the entrance. Less air 
entered the entrance, therefore, and the minimum area could be reduced. 
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In addition to the average total-pressure recovery, the distribution 
of pressure recovery at the compressor face is also of Importance to 
engine performance and such data are presented in figure 8 for the unper- 
forated inlet and inlets PI and P2. These data correspond to inlet oper- 
ation at maximum pressure recovery at each Mach number. The results indi- 
cate that generally the largest variations in local total pressure recov- 
ery were obtained with the unperforated inlet and the perforations reduced 
considerably the magnitude of these variations. Variations in local 
total -pressure ratio as large as 0.08 were obtained with the unperforated 
inlet at Mach numbers of 2.7 and 2*9* 


Bound ary -Layer -Removal System 


Mass -flow ratios for the centerbody flow-removal duct Eire shown in 
figure 9 Tor inlets PI and P2. Measured data for the flow removed through 
the annulus are not available since that flow was returned directly to 
the free stream about the annulus . An estimate of the mass flow removed 
through the annulus on the basis of the difference between the flow 
entering the inlet and the sum of the exiting main duct and centerbody 
flows could not be made because attempts to calibrate the main duct using 
the total-pressure rake and the movable plug were unsuccessful. Further- 
more, since the pressure differences across the perforations in the super- 
sonic portion of the inlet were unknown, calculation of the flow removal 
through the annulus perforations in the cases of inlets P2 and P3 was not 
possible. However, with inlet PI and for choked perforations the pressure 
difference across the annulus perforations should be approximately the 
same as that for the centerbody; in such a case, the quantity of flow 
removed through the annulus in relation to that removed through the cen- 
terbody would be in proportion to the ratio of the perforated area in the 
annulus to that in the centerbody. Consequently, for inlet PI, the total 
flow removed would be 2-l/2 times that for the centerbody alone as given 
in figure 9 and would amount to about 9 and 7 percent of the inlet flow 
for Mach numbers of 2.5 and. 3«C9 respectively. 

For the calculation of the drag penalty resulting from the removal 
of boundary-layer air the pressure recovery, as well as the mass flow, 
of the air removed must be known. Figure 10 shows the total- and static - 
pressure ratios obtained in the centerbody flow-removal duct for inlets 
PI and P2 for the mass -flow ratios indicated in figure 9- 


Inlet Starting 


It is desirable from the viewpoints of restarting an inlet and of 
determining the size of the centerbody to be able to predict the inlet - 
starting characteristics at all Mach numbers. To establish supersonic 
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flow in the inlet it is necessary for the contraction ratio and pressure 
recovery to be compatible for starting. For inlets having all internal 
compression, the theoretical aerodynamic contraction ratio required for 
starting is based on the normal-shock pressure recovery occurring at the 
free -stream Mach number. For the present type of inlets the flow at the 
inlet entrance differs considerably from the free -stream flow because of 
the influence of the protruding centerbody, and consequently the starting 
contraction ratio must be based on the local flow conditions at the 
entrance station. However, these flow conditions at the instant of 
starting are not always known or easily determined, but for estimating 
purposes the Mach number on the surface of the centerbody can be used for 
determining a starting contraction ratio. Figure 11 shows starting con- 
traction ratios calculated for the present inlets, and the geometric 
contraction ratios that occurred when the inlets started. It is appar- 
ent that there is a lack of agreement between the data and the values 
calculated for normal-shock pressure recovery at the cone surface Mach 
number, and that at all Mach numbers the inlets started at a lower con- 
traction ratio, that is, with less centerbody extension. At M^ = 
for example, the difference in contraction ratio between the data for 
the unperforated inlet and that calculated for normal-shock pressure 
recovery corresponds to a difference in centerbody extension of about 
1 inch. 

At the instant of starting the inlet takes in the entire mass flow 
captured by the leading edge of the annulus and therefore spillage cannot 
be used to explain the lack of agreement between the data and the calcu- 
lated values • A probable explanation is that the shock structure at the 
instant of starting is not a single normal shock at the inlet entrance, 
but a more complicated structure which effectively provides a higher 
pressure recovery than that which would occur across the normal shock. 

In addition, the effects of mass flow removal ahead of the minimum area 
station must be considered whenever removal occurs, as for example In 
the case of inlet P2. 


CONCLUSIONS 


An experimental investigation of four circular internal-compression 
inlets having translatable centerbodies and designed for operation at 
Mach numbers up to 3*0 has indicated the following results in the Mach 
number range from 2.1 to 3*0; 'the limit of the investigation: 

1. By the inclusion of the design requirement of a nearly constant 
area section in the throat region for all centerbody positions, the 
pressure recovery of the unperforated inlet throughout the range of Mach 
numbers was improved above that for a similar unperforated Internal- 
compression inlet not having such a design requirement. 
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2. Perforations in the annulus and centerbody surfaces in and ahead 
of the throat region of the inlet improved considerably the total -pres sure 
recovery at the compressor f ace ; improvements in pres sure -recovery ratio 
over the unperforated inlet ranging from 0 • di-5 to 0.075 were obtained 
resulting in total-pressure recoveries varying from O .87 to 0.75 between 
Mach numbers of 2.5 and 3*0* 

3 . A perforated area that was only in and downstream of the throat 
region was nearly as effective in improving pressure recovery as a per- 
forated area which in addition extended both upstream and downstream from 
the throat region; improvements in pressure recovery of up to 72 percent 
of those obtained with the latter configuration were obtained with the 
former. 

7. Perforations reduced the flow distortion at the compressor face. 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., Aug. 21, 1959 
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Figure 2.- Details of the annulus and centerbody. 
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Figure 3*~ Concluded 
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Figure 4.- The variation of contraction ratio with centerhody apex 

position. 
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Centerbody 


Perforation Arrangements 


Designation 

x Distance to 
first row of holes 

No. of rows 
spaced 0.20 


Annulus 

Center- 

body 

Annulus 

Center- 

body 

PI 

6.85 

760 

6 

6 

P2 

1.05 

7.20 

40 

8 

P 3 

3.45 

720 

20 

8 


Figure 5. - Details of the perforation arrangements. 
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Unperforoted 
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Mach number. 
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2.1 0.369 .500 

2.3 .860 .472 



(a) Inlet PI 
Moo* 2.1 and 2.3 


Figure 8.- Contours of total -pres sure ratio for maximum pressure- 

recovery conditions. 
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Figure 9*- Centerbody mass-flow ratios for conditions of maximum 
pressure recovery in the inlet. 
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Figure 10.- Pressure recovery in the centerhody flow-removal duct for 
conditions of maximum pressure recovery in the inlet. 
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(2) Die symbol * denotes the occurrence of 
buzz- 











































